Mycobacterium tuberculosis, a major global health threat, replicates in macrophages in part by inhibiting phagosome-lysosome fusion, until interferon-γ (IFNγ) activates the macrophage to traffic M. tuberculosis to the lysosome. How IFNγ elicits this effect is unknown, but many studies suggest a role for macroautophagy (herein termed autophagy), a process by which cytoplasmic contents are targeted for lysosomal degradation 1 . The involvement of autophagy has been defined based on studies in cultured cells where M. tuberculosis co-localizes with autophagy factors ATG5, ATG12, ATG16L1, p62, NDP52, BECN1 and LC3 (refs 2-6), stimulation of autophagy increases bacterial killing 6-8 , and inhibition of autophagy increases bacterial survival 1,2,4,6,7 . Notably, these studies reveal modest (~1.5-3-fold change) effects on M. tuberculosis replication. By contrast, mice lacking ATG5 in monocyte-derived cells and neutrophils (polymorponuclear cells, PMNs) succumb to M. tuberculosis within 30 days 4,9 , an extremely severe phenotype similar to mice lacking IFNγ signalling 10,11 . Importantly, ATG5 is the only autophagy factor that has been studied during M. tuberculosis infection in vivo and autophagy-independent functions of ATG5 have been described 12-18 . For this reason, we used a genetic approach to elucidate the role for multiple autophagy-related genes and the requirement for autophagy in resistance to M. tuberculosis infection in vivo. Here we show that, contrary to expectation, autophagic capacity does not correlate with the outcome of M. tuberculosis infection. Instead, ATG5 plays a unique role in protection against M. tuberculosis by preventing PMN-mediated immunopathology. Furthermore, while Atg5 is dispensable in alveolar macrophages during M. tuberculosis infection, loss of Atg5 in PMNs can sensitize mice to M. tuberculosis. These findings shift our understanding of the role of ATG5 during M. tuberculosis infection, reveal new outcomes of ATG5 activity, and shed light on early events in innate immunity that are required to regulate disease pathology and bacterial replication.
LETTER RESEARCH accumulated p62 while, consistent with previous findings, the levels of LC3 were largely unaffected 12 .
At 3 w.p.i., Atg5 fl/fl mice have higher bacterial titres as compared to C57Bl/6 mice ( Fig. 1d, k) , which we attribute to hypomorphic expression of Atg5 from the Atg5 fl/fl allele (Extended Data Fig. 3 and ref. 25) .
To determine if germline hypomorphism for an essential ATG factor other than ATG5 interferes with control of M. tuberculosis, we infected mice that are hypomorphic for ATG16L1 (Atg16l1 HM1 ) 26 (Fig. 1m ). Atg16l1 HM1 mice showed no signs of sickness or weight loss following M. tuberculosis infection and controlled M. tuberculosis burden in a manner similar to C57Bl/6 mice ( Fig. 1n-p and Extended Data Fig. 1c ). Together, these data demonstrate that the loss of genes essential for canonical autophagy in LysM + cells does not correlate with susceptibility to M. tuberculosis and suggest that ATG5 participates in a unique function not served by other essential ATG proteins. While autophagy-independent functions of ATG5 have been described [12] [13] [14] [15] [16] [17] [18] , this is the first example of ATG5 being important for a response to an infection independent of ATG16L1 and ATG12.
To further explore how ATG5 functions during M. tuberculosis infection, we next investigated the reports that Atg5 fl/fl -Lysm-cre mice develop more severe inflammation following M. tuberculosis infection 4, 9 . Various studies have demonstrated that myeloid-specific defects in components of the membrane elongation complex (ATG5, ATG7 or ATG16L1) can cause increased inflammation in vivo [27] [28] [29] . To distinguish between ATG16L1-dependent versus independent roles for ATG5 in regulating inflammation we measured immune responses to M. tuberculosis in the lungs of Atg5 fl/fl -Lysm-cre, Atg16l1 fl/fl -Lysm-cre and control mice. Phenotypes specific to loss of Atg5 might be responsible for susceptibility to M. tuberculosis since Atg16l1 fl/fl -Lysm-cre mice control M. tuberculosis infection similarly to wild-type C57Bl/6 mice ( Fig. 1) . At 2 w.p.i., Atg5 fl/fl -Lysm-cre lungs contained larger lesions than those in C57Bl/6, Atg5 fl/fl , Atg16l1 fl/fl -Lysm-cre and Atg16l1 fl/fl mice ( Fig. 2a ), even though bacterial burdens were similar in each strain at this time point (Extended Data Fig. 4 ). By 3 w.p.i., Atg5 fl/fl -Lysm-cre lungs were severely inflamed with large lesions and extensive consolidation, while Atg5 fl/fl and Atg16l1 fl/fl -Lysm-cre lungs showed only moderate increases in inflammation ( Fig. 2a ). Consistent with this, the lungs of Atg5 fl/fl -Lysm-cre mice at 3 w.p.i. contained higher levels of pro-inflammatory cytokines than Atg16l1 fl/fl -Lysm-cre or control mice ( Fig. 2b ). At this time point, the only cytokine that was significantly higher in the lungs of Atg16l1 fl/fl -Lysm-cre mice compared to controls was IL-1β , however this was still only half as much IL-1β as detected in Atg5 fl/fl -Lysm-cre lungs. The increased levels of IL-1β in mice lacking Atg16l1 is consistent with previous reports showing that autophagy in macrophages negatively regulates inflammasome-dependent IL-1β production 9, [27] [28] [29] . The observed differences in cytokine production were a specific and active response to M. tuberculosis infection, as cytokine levels were not significantly different or were below the limit of detection in uninfected lungs (Extended Data Fig. 5 ).
To characterize cell populations contributing to the inflammation, flow cytometry was performed at 2 and 3 w.p.i. in Atg5 fl/fl -Lysm-cre, Atg16l1 fl/fl -Lysm-cre, and control mice. At 2 w.p.i., Atg5 fl/fl -Lysm-cre lungs contained a significantly greater frequency of PMNs than Atg5 fl/fl or C57Bl/6 mice ( Fig. 2c and Extended Data Fig. 6 ). This difference was more pronounced at 3 w.p.i., and at this time point the frequency of PMNs in Atg5 fl/fl -Lysm-cre lungs was also significantly higher than in Atg16l1 fl/fl -Lysm-cre lungs ( Fig. 2d ). Atg5 fl/fl -Lysm-cre lungs also contained a greater percentage of inflammatory monocytes than C57Bl/6 mice at 2 w.p.i., however this level was similar to Atg5 fl/fl lungs and, by 3 w.p.i., was not significantly different from any other strain. The increased inflammation in Atg5 fl/fl -Lysm-cre lungs likely contributes to the severe lung pathology and morbidity observed in these mice (Fig. 1a, b and Fig. 2a-d ). In addition, the absence of higher bacterial burden at 2 w.p.i. (Extended Data Fig. 4) indicates that the increased inflammation in the M. tuberculosis infected Atg5 fl/fl -Lysm-cre mice is a direct result of loss of Atg5 rather than a response to uncontrolled bacterial replication.
Excessive PMN recruitment is a hallmark of acute susceptibility to M. tuberculosis and is associated with uncontrolled tissue damage and progression of disease 11 . We hypothesized that the susceptibility of the Atg5 fl/fl -Lysm-cre mice is related to the increased frequency of PMNs in these mice during M. tuberculosis infection and, therefore, sought to determine if depletion of PMNs would improve control of M. tuberculosis 11 . Antibody-mediated depletion of PMNs (anti-Ly6G, clone 1A8) from 10-28 d.p.i. allowed Atg5 fl/fl -Lysm-cre mice to recover their lost weight and survive over 80 d.p.i. (Fig. 3a, b ). To survive 80 d.p.i., PMN-depleted Atg5 fl/fl -Lysm-cre mice must have functional IFNγ signalling and T-cell responses, since Rag −/− and PMN-depleted Ulk1 -/- 11 . Furthermore, at 3 w.p.i., PMN-depleted Atg5 fl/fl -Lysm-cre mice had significantly lower levels of pro-inflammatory cytokines, pulmonary burden, and lung pathology than IgG-control-treated mice ( Fig. 3c-e ). The depletion of PMNs alleviated all phenotypes observed at 3 w.p.i. in Atg5 fl/fl -Lysm-cre mice, indicating that a dysfunctional PMN response leads to the susceptibility of these mice. We next sought to determine in which cell type(s) Atg5 is required to control M. tuberculosis. Lysm-cre deletion occurs in PMNs, macrophages, inflammatory monocytes and myeloid-derived dendritic cells 19, 20 , indicating that Atg5 plays a critical role in one or more of these populations during M. tuberculosis infection. Alveolar macrophages are the first cells infected upon inhalation of M. tuberculosis and are required for the establishment of infection 30 . Furthermore, previous in vitro studies suggested that a predominant role for ATG5 during M. tuberculosis infection is to control bacterial replication in macrophages [1] [2] [3] [4] [6] [7] [8] . Therefore, we investigated whether ATG5 is required in alveolar macrophage to control M. tuberculosis by infecting Atg5 fl/fl -Cd11c-cre mice, which lack ATG5 in alveolar macrophages and dendritic cells 20 . In contrast to Atg5 fl/fl -Lysm-cre mice, Atg5 fl/fl -Cd11c-cre mice did not lose weight during M. tuberculosis infection, were able to control bacterial burden, and survived over 80 d.p.i. (Fig. 4a-c) . Alveolar macrophage from Atg5 fl/fl -Cd11c-cre and Atg5 fl/fl -Lysm-cre mice displayed similar autophagy defects ( Fig. 4d and Extended Data Fig. 2 ), indicating that resistance to M. tuberculosis is neither dependent on nor correlated with autophagic capacity in alveolar macrophages. Furthermore, this suggests ATG5 plays an essential role within other cells targeted by Lysm-cre-mediated gene deletion, such as PMNs, recruited macrophages and/or inflammatory monocytes, to control M. tuberculosis infection.
We have shown that excessive PMN-dominated inflammation leads to the susceptibility of Atg5 fl/fl -Lysm-cre mice. To determine whether loss of Atg5 from PMN is sufficient to cause susceptibility to M. tuberculosis, we next used Atg5 fl/fl -MRP8-cre (MRP8 also known as S100a8) mice, which delete Atg5 in PMNs 20 (Fig. 4e ). Atg5 fl/fl -MRP8-cre LETTER RESEARCH mice were more susceptible to M. tuberculosis infection, as indicated by an average increase in weight loss compared to Atg5 fl/fl controls (Fig. 4f) . However, analysis of individual mice revealed that only half of the Atg5 fl/fl -MRP8-cre mice lost weight following M. tuberculosis infection (between 10-20% of their starting weight); the remaining mice exhibited an average 2% weight gain. This split phenotype was reproducible across multiple experiments, and was independent of differences in age, sex or litter of the mice, suggesting a threshold effect in the susceptibility of the Atg5 fl/fl -MRP8-cre mice. To study these two distinct outcomes, we compared responses in mice that lost over 5% of their starting weight at 20 d.p.i. ('susceptible') with the remaining mice ('healthy') ( Fig. 4g) . At 3 w.p.i., lungs from susceptible Atg5 fl/fl -MRP8cre mice exhibited higher bacterial burden, cytokine responses, and frequency of PMNs (Fig. 4h-j and Extended Data Fig. 7) . The susceptible Atg5 fl/ fl -MRP8-cre mice displayed the same phenotypes as the Atg5 fl/ fl -Lysm-cre mice, demonstrating a PMN-intrinsic role for ATG5 during acute M. tuberculosis infection. However, the incomplete penetrance of susceptibility in Atg5 fl/fl -MRP8-cre mice suggests that the extreme sensitivity of Atg5 fl/fl -Lysm-cre mice to M. tuberculosis results from the loss of Atg5 in macrophage and monocytes, as well as PMNs. Notably, Atg16l1 fl/fl -Lysm-cre mice are not susceptible to M. tuberculosis infection, even though PMNs (Extended Data Fig. 8 ), in addition to macrophages ( Fig. 1l and Extended Data Fig. 2) , from Atg16l1 fl/fl -Lysm-cre and Atg5 fl/fl -Lysm-cre mice have a similar defect in autophagy. This further supports that ATG5 functions, at least in part, independently of ATG16L1 to protect mice from M. tuberculosis infection.
Despite numerous in vitro studies emphasizing a role for autophagy in macrophages during M. tuberculosis infection (including, but not limited to, refs 1-8), our data show that loss of genes essential for canonical autophagy does not correlate with susceptibility to M. tuberculosis in the context of a complete immune response in the host. Importantly, mice used in our studies have similar autophagy defects and have been used in prior publications to investigate the function of individual ATG factors [12] [13] [14] [15] , validating these mice as suitable genetic models to study autophagy in vivo. Our studies indicate that prior reports analysing the role of only a single autophagy gene to conclude that canonical autophagy is responsible for the phenotypes observed need to be reexamined. The observation that the Atg5 fl/fl and Atg5 fl/fl -Lysm-cre mice have only small differences in M. tuberculosis burden supports the other data presented here that the dramatic difference in the inflammatory response is the predominant driver of susceptibility in Atg5 fl/fl -Lysm-cre mice during M. tuberculosis infection. The apparent insignificance of autophagy for controlling M. tuberculosis replication may reflect the fact that M. tuberculosis encodes highly effective inhibitors of canonical autophagy; however, these mechanisms have yet to be described. Furthermore, studies investigating loss of autophagy, including this one, do not address whether activation of autophagy could enhance restriction of M. tuberculosis replication.
By analysing different Cre-mediated deletion strains, we have found that loss of Atg5 in PMNs, but not alveolar macrophages or dendritic cells, can result in the loss of control of M. tuberculosis infection, but the severe susceptibility of the Atg5 fl/fl -Lysm-cre mice relies on deletion of Atg5 in multiple LysM + cell types. These data also reveal a PMNintrinsic role for ATG5 during M. tuberculosis infection. Importantly, the reversal of all phenotypes in the Atg5 fl/fl -Lysm-cre mice upon PMN depletion positions PMN as a major driver in the dysfunctional response in these mice. Our experiments suggest a model where infection with M. tuberculosis induces a pro-inflammatory response that leads to the recruitment of PMNs to the lung. The absence of Atg5 expression within the responding myeloid cells leads to uncontrolled accumulation of PMNs in the lung, which causes increased pathology and probably provides an expanded niche for bacterial infection. The animal then succumbs to infection before the adaptive immune response is able to control the inflammation and bacterial replication. Together, the in vivo genetic analyses presented here argue for a shift in focus onto macroautophagy-independent roles of ATG5 in controlling resistance to M. tuberculosis infection in vivo.
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